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Background: Meiotic recombination events do not
occur randomly along a chromosome, but appear to be
restricted to specific regions. In addition, some regions in
the genome undergo recombination more frequently in
the germ cells of one sex than the other. Genomic
imprinting, the process by which the two parental alleles
of a gene are differentially marked, is another genetic
phenomenon associated with inheritance from only one
parent or the other. The mechanisms that control meiotic
recombination and genomic imprinting are unknown,
but both phenomena necessarily depend on the presence
of some DNA signal sequences and/or on the structure of
the surrounding chromatin domain.
Results: In the present study, we compared the frequen-
cies of sex-specific recombination events in three chro-
mosomal regions of the human genome that contain
clustered imprinted genes. Alignment of the genetic and
physical maps of the ZNF127-SNRPN-IPW-PAR-5-
PAR-1 region on chromosome 15qll-q13 (associated
with Prader-Willi and Angelman syndromes) and the
IGF2-H19 region on chromosome llp15.5 (associated
with Beckwith-Wiedemann syndrome) shows that both
regions recombine with very high frequency during male
meiosis, and with very low frequency during female
meiosis. A third region around the IWT-1 gene on chro-
mosome llp13 also recombines with higher frequency
during male meiosis.
Conclusions: The results show that the two best-known
imprinted regions in the human genome are characterized
by significant differences in recombination frequency dur-
ing male and female meioses. A third, less well-character-
ized, imprinted region shows a similar sex-specific bias.
On the basis of these observations, we propose a model
suggesting that the region-specific differential accessibility
of DNA that leads to differential recombination rates dur-
ing male and female meioses also leads to the male- and
female-specific modification of the signal sequences that
control genomic imprinting.
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Background
The distribution of meiotic recombination events along
chromosomes is not uniform. Furthermore, the fre-
quency of genetic recombination events differs between
female and male meioses - on average, the human
female genetic map is about 90 % longer than that of the
male [1]. These differences are not, however, evenly dis-
tributed along the genome - some regions exhibit a
much higher rate of recombination in males than in
females, whereas in other regions, the opposite is true.
Interestingly, the number of such regions appears to be
limited. For example, only three intervals with a signifi-
cant excess of female recombination and two intervals
with an excess of male recombination were found on the
microsatellite-based index map of chromosome 11 [2].
Another genetic process associated with inheritance from
only one parent or the other is genomic imprinting
(reviewed in [3,4]). Imprinted genes are characterized by
parental-origin-dependent expression, as a consequence
of epigenetic modifications which differentially mark the
homologous chromosomal regions in the male and
female germ lines. Little is known about the precise mol-
ecular mechanism of imprinting, but it is generally
accepted that parent-specific modification of a DNA
'signal sequence' could be responsible for the parental-
allele-specific expression of imprinted genes. Such signal
sequences could regulate the activity of either single
genes or a whole chromatin domain. Chromosomal
regions containing imprinted genes exhibit asynchronous
replication in somatic cells, suggesting that the imprinted
status may correlate with the higher-order structure of
the surrounding chromatin domain [5].
Eight imprinted genes have been identified in the human
genome so far, seven of which map to three well-defined
chromosomal regions. A very large (> 1 Mb) imprinted
.domain on chromosome 15qll-ql3 contains several
paternally expressed genes: SNRPN, IPW, PAR-5,
PAR-1 and the human homologue of the imprinted
mouse gene ZNF127 [6-10]. Chromosome 11pl5 con-
tains a second cluster of imprinted genes (reviewed in
[3]), including the genes IGF2, H19 and INS. The
mouse homologue of INS is imprinted in a tissue- and
developmental-stage-specific way [11,12]. Finally, two
human genes that are polymorphically imprinted have
also been identified: the WT1 gene on chromosome
11p 13 [13], and the IGF2R gene on 6q2 7 [14].
Both meiotic recombination and genomic imprinting are
affected by higher-order chromatin structure. This has led
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us to propose that both processes may depend upon the
same patterns of structurally distinct chromatin domains
in germ cells. A possible link between sex-specific
recombination and imprinting has been suggested previ-
ously [4,15]. Using highly informative genetic markers,
we have now been able to show that three major chro-
mosomal regions of the human genome that are known
to contain imprinted genes also exhibit sex-specific
recombination frequencies.
Results
In order to determine whether imprinted chromatin
domains have different recombination frequencies during
male and female meioses, we compared the sex-specific
human genetic map to the physical map of imprinted
regions in the human genome.
The 15q11-q13 region
We first examined the genetic map of the 15qll-q13
region using eight markers. Two of these markers,
D15Sll and D15S97, have already been placed on the
genetic map [16], and the microsatellite markers
AFM273yf9, AFM200wb4 and AFM320vd9 have been
described recently [17,18]. Three new microsatellite
markers, AFM344te5, AFM284za9 and AFM216zc9, are
described here. Multipoint linkage analysis of the com-
bined Centre d'Etude du Polymorphisme Humain
(CEPH)-Genethon genetic data obtained from eight
three-generation families established the following order:
cen-AFM344te5-D 15S1 1-AFM273yf9-(AFM200wb4/
AFM320vd9)-AFM284za9-AFM216zc9-D 15S97-tel.
When the recombination data were examined separately
for male and female meioses, we found that, between the
two markers flanking the whole region (AFM344te5 and
D15S97), 14 recombination events occurred in 87 infor-
mative male meioses, and 5 occurred in 86 informative
female meioses (Fig. la). The six internal markers
allowed us to determine which subregions of the paternal
and maternal chromosomes had recombined. The distri-
bution of the recombination events was uneven within
this interval, and significantly different on the paternal
and maternal chromosomes.
All 14 recombination events on the paternal chromosome
occurred between AFM344te5 and AFM284za9, and
the recombination frequency was highest between
AFM344te5 and AFM273yf9. The precise assignment of
the recombination events is shown in Figure la. Strikingly,
no recombination events occurred on the maternal chro-
mosome between AFM344te5 and AFM320vd9. This dif-
ference between the male and female recombination fre-
quencies in this subregion is highly significant (p = 0.0007,
as determined by Fisher's exact test). All five of the mater-
nal recombination events occurred between the markers
AFM320vd9 and D15S97. It was possible to assign more
precisely three of these recombination events, which
occurred between AFM284za9 and D15S97 (Fig. la).
Fig. 1. Genetic and physical map of the 15q11-q13 region.
(a) Distribution of recombination events between highly poly-
morphic microsatellite markers; the microsatellite markers are
indicated by their AFM names. The number of recombination
events within each interval demarcated by a double-headed
arrow is indicated, as are the total numbers of recombination
events per informative male and female meiosis within the inter-
vals demarcated by the brackets. (b) PCR analysis of YACs in the
Chr15q11-q13 YAC contig [191 for the presence of genetic
markers AFM344te5, AFM284za9 and AFM216zc9. The YACs
analyzed were: 1, 254b5; 2, 264al; 3, 495dl; 4, 71b11; 5,
230h12; 6, 142a2; 7, 378a12; 8, 520a9; 9, 49g3. H, control
human DNA; M, size markers (pBR322 digested with Hpall). The
PCR products were run on 2 % agarose gels and stained with
ethidium bromide. (c) Assignment of genetic markers to physical
intervals on the YAC contig of the 15ql 1-ql 3 region. The open
circles and short bars indicate the location of mapped genetic
markers or genes [19]. The location of AFM markers, based on
the results shown in (b), is shown above the bars.
Fine physical mapping of the six AFM markers was
achieved by using a recently described [19] yeast artificial
chromosome (YAC) contig of the region. The YACs in
this contig were analyzed for the presence of the six genetic
markers using the polymerase chain reaction (PCR) (Fig.
lb,c). The most proximal marker, AFM344te5, mapped
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to the same YACs (254b5 and 264al) as the ZNF127
marker (D15S9). AFM273yf9 mapped to YACs 326f6,
1 lhll and 457b4, in the same region as SNRPN.
Markers AFM200wb4 and AFM326vd9 mapped to the
same overlapping region of two YACs (132d4 and
230h12). YAC 142a2 was positive for AFM284za9, and
YACs 378a12 and 520a9 were positive for AFM216zc9.
Thus, the region characterized by a high male and low
female recombination rate, between AFM344te5 and
AFM200wb4-AFM326vd9, is about 1.9 Mb long.
Thus, the DNA sequences within the 15qll-q13 region
known to carry a methylation imprint [10], as well as
three genes expressed only from the paternal chromo-
some (SNRPN, PAR-5 and PAR- ), all localize to a
region of high male recombination frequency (Fig. c).
The H-IGF2-1NS region of chromosome 1 p15.5
The IGF2 and INS genes are closely linked, being sepa-
rated by a physical distance of only 15 kb [20]; the
distance between IGF2 and H19 is less than 300 kb [21].
The INS gene has been placed on the genetic map in the
vicinity of the polymorphic microsatellite marker
AFM217yb10. On a recent radiation hybrid map, the
INS-IGF2-H19 cluster localizes to the same position as
the microsatellite marker AFM218xel [22], the first cen-
tromeric neighbour of AFM217yblO. This suggests that
the INS-IGF2-H19 cluster is located between these two
genetic markers. To verify that this is the case, we made
use of YACs spanning this region.
Several YAC clones (834h7, 831bl, 772 g2 773g4 and
785e5) have been reported to be positive for the
AFM218xel marker, and one YAC clone (892g9) to con-
tain AFM217yb10 sequences [23]. To determine whether
these clones formed a contig, a radiolabeled Alu-PCR
product of the 8 92g9 YAC was used to probe a dot blot of
Alu-PCR products prepared from the other YACs. The
89 2 g9 probe recognized all of the YAC clones mentioned
above, indicating that they overlap with one another. The
clones were then examined for the presence of INS- and
H19-specific sequences by PCR, using specific primers
(Fig. 2b). YAC clones 8 9 2g 9 , 834h7, 831bl, and 772g2
were recognized by both INS and H19. Clones 773g4 and
785e5 were positive for INS but negative for H19 (Fig.
2b). These observations confirmed that the INS-
IGF2-H19 cluster is located between the genetic markers
AFM217yb10 and AFM 218xel (Fig. 2c).
The genetic map shown in Figure 2a is composed of five
markers: INS and TH (tyrosine hydroxylase gene) are
restriction fragment length polymorphism (RFLP) mark-
ers situated between the two highly informative
microsatellite markers AFM217ybl0 and AFM218xel.
The third microsatellite marker (AFMa134wh5) is telom-
eric to AFM217yb10. Analysis of the recombination data
(Fig. 2a) revealed that 8 recombination events occurred
between the flanking markers in 90 informative male
meioses, but there was no recombination at all in this
region in 81 informative female meioses (p= 0.02,
Fig. 2. Genetic and physical map of the 1 lpl 5.5 region. (a) Dis-
tribution of recombination events between five genetic markers;
the microsatellite markers are indicated by their AFM names. The
number of recombination events within each interval demar-
cated by a double-headed arrow is indicated, as are the total
numbers of recombination events per informative male and
female meiosis within the intervals demarcated by the brackets.
(b) PCR analysis of YACs carrying the two microsatellite markers
AFM2l7ybO1 and AFM218xel for the presence of INS- and
H19-specific sequences. The YACs analyzed: 1, 892g9; 2,
834h7; 3, 831b1; 4, 773g4; 5, 785e5; 6, 772g2. The PCR prod-
ucts were run on 2 % agarose gels and stained with ethidium
bromide. H, control human DNA; M, size markers (pBR322
digested with Hpall). (c) Relative position of the microsatellite
markers (AFM21 7ybl O and AFM218xel), INS and H19, as deter-
mined in (b). The upper line represents chromosome 1 l p15.5.
Because the YACs (their reference numbers and sizes are indi-
cated) were not analyzed for chimerism and/or deletions, the dis-
tance between the two AFM markers could not be determined
precisely. AFMa1l 34wh5 is located outside the region covered by
the YACs. The region of overlap containing INS and H19 is
denoted by the vertical dotted lines.
determined by Fisher's exact test). The INS and TH
markers allowed us to assign one recombination event to
the AFM217yblO-INS region and one to the INS-TH
interval. Two recombination events occurred between
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markers AFMa134wh5 and AFM217yblO. More precise
assignment of the other four male-specific recombination
events was not possible.
The WTI region of the chromosome l 1p13
The WTI1 gene is located on chromosome 11p13. A
high-resolution integrated physical and genetic map of
the region distal to 11p13 has been published recently
[24]. The WT1 gene is located closer to the centromeric
end of the mapped llpl3-llpl5.1 region, between the
microsatellite markers AFMa041ze5 and AFM248tg9/
AFM165yflO. The physical distance between these
genetic markers is about 2.2 Mb (Fig. 3b). We found 3
recombination events in 68 informative male meioses,
and no recombinants in 87 informative female meioses
(Fig. 3a). Although the difference between the male and
female recombination frequencies does not reach the
level of statistical significance, we again observe the same
tendency. The remaining 10 Mb covered by the map
[24], which includes the entire 1 lp14 chromosome band,
recombines with the same frequency in males and
females (data not shown). This region is typical of the
entire genome in that long stretches of chromatin with
equal recombination rates are interrupted by short
regions which recombine more frequently in one sex or
the other.
Another imprinted human gene, IGF2R, which is
located on chromosome 6q27 [25], is unfortunately pre-
cluded from study because the genetic and physical maps
Fig. 3. Genetic and physical map of the WT1 region. (a) Distribu-
tion of recombination events between the genetic markers; the
microsatellite markers are indicated by their AFM names. The
number of recombination events within each interval demar-
cated by a double-headed arrow is indicated, as are the total
numbers of recombination events per informative male and
female meiosis within the intervals demarcated by the brackets.
(b) Simplified physical map of the region (adapted from Fantes et
al. [241). Only the position of the WTI gene and the three
genetic markers are shown.
of this region are not yet accurate enough to allow a
detailed analysis of the recombination frequencies.
Discussion
The availability of a high-density genetic map has enabled
us to compare the sex-specific recombination frequencies
in three of the four regions known to contain clusters of
imprinted genes. We have shown that these regions are
characterized by large differences in recombination fre-
quencies between male and female meioses. At the pre-
sent time, it is difficult to prove whether sex-specific
recombination is a general characteristic of all imprinted
regions. However, the possible correlation between
imprinting and sex-specific recombination in the three
regions which are at present amenable to study suggests
to us that both phenomena share a common origin.
Both imprinting and sex-specific differences in recombi-
nation frequencies may reflect differences in the chro-
matin structure of meiotic cells. Genomic imprinting is
influenced by higher-order chromatin structure in
somatic cells, as indicated by the asynchrony of replica-
tion of imprinted chromosomal domains [5]. It is worth
mentioning that, in the case of the human region
15q11-13, the region that shows early paternal replica-
tion overlaps almost perfectly with the region of high
male recombination rate, apart from the most distal part
(GABRB3) [26]. Similarly, in region 1 lp 15.5, all markers
that show allele-specific replication are in the region of
high male recombination rate.
Recombination in meiotic cells may occur preferentially
in transcriptionally active or 'open' parts of the chromatin
because of better accessibility of the recombination-
promoting DNA sequences to recombination enzymes
and protein factors [15,27]. The pattern of 'open' and
'closed' chromatin domains differs between male and
female meiotic cells, because they express different sets of
genes. The differences in chromatin-condensation pat-
terns between the two germ lines may therefore lead to
the sex-specific differences in recombination frequencies.
Assuming that imprinting and sex-specific recombina-
tion are related, the 'accessibility' model that has been
proposed to explain the differences in sex-specific
recombination frequencies [15] could also apply to
genomic imprinting (Fig. 4). The factors involved in
'marking' the chromosomes could act on those imprint-
ing signal sequences that are located in opened chromo-
somal regions, and are therefore more accessible for
modifications. Thus, a gene should fulfil two require-
ments in order to be imprinted: firstly, it must possess an
imprinting signal sequence; secondly, the accessibility of
the imprinting signal sequence - dependent on the
structure of the surrounding chromatin - has to be dif-
ferent in male and female germ cells. Those genes that
satisfy only one of these two criteria will not carry
parental-origin-specific modifications (Fig. 4). In other
(a) Total 0/87 female
recombination events
a041ze5 248tg9 165yf10
Cen I I I Tel
2 1
Total 3/68 male
recombination events
(b)
a041ze5 248tg9 165yf10
Cen Tel
WT1
I I I I I I I I I I I M b
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(a) Imprinting boxes are
accessible for modification
Open chromatin domain
Modified imprinting boxes
(b) Imprinting boxes are
inaccessible for modification
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Fig. 4. The 'accessibility' model of
imprinting. (a) The higher-order struc-
tural organization of the chromatin
domain in the germ line of one sex is
'open' and as a result the imprinting sig-
nal sequences are accessible to modifi-
cation. For the same reason - the
increased accessibility of the DNA -
these regions will display a high meiotic
recombination frequency. (b) The chro-
matin structure of the homologous region
in the opposite sex is 'closed', thus pre-
venting access of modifying factors to the
imprinting signal sequences. (c) Conse-
quently, the imprinting signal sequence
carries parent-specific epigenetic modifi-
cations that allow discrimination
between the parental chromosomes after
fertilization. Imprinting signal sequences
located in regions of equal accessibility
would not be differentially modified. In
regions that do not carry imprinting sig-
nal sequences, no parent-specific modifi-
cations would be established, regardless
of the chromatin conformation.
words, all imprinted genes are expected to reside within
regions displaying sex-specific recombination frequen-
cies, but not all such regions would necessarily contain
imprinted genes.
In the case of the llp13 region, the observed difference
in recombination frequency between males and females is
lower than in the other regions that we have analyzed.
This could reflect genetic polymorphism at this site in
the human population. In this regard, it is known that
certain haplotypes are more prone to recombination than
others [28]; presumably, this may influence the status of
imprinted genes. If these haplotypes are not frequent in
the sampled population, the observed differences in
average recombination frequencies between males and
females will appear low in this region. Moreover, poly-
morphic imprinting might be expected to occur in such
a region, and this is indeed the case for WT1.
Our model is based on a limited amount of available data.
The identification and analysis of more imprinted genes
and chromosomal regions in the human genome, as well
as the genomes of other mammalian species, such as the
mouse, will be necessary to prove the model. However,
in addition to the observations presented in this paper,
indirect arguments support the association between
imprinting and sex-specific recombination. For example,
the inheritance of a number of human disorders does not
conform to classical Mendelian inheritance, suggesting
the involvement of imprinting. One such disorder is
atopy, which is preferentially transmitted by the mother
[29]; the candidate gene for this disorder, FceRI-0, maps
to a subregion of 1q13 [30] that is characterized by a
significant excess of female recombination [2]. A second
disorder, hereditary paraganglioma, is transmitted exclu-
sively by the father [31]; the presumed locus for this trait
maps to chromosome 1 llq23 [31], a region characterized
by a significant excess of male recombination [2]. In both
cases the action of imprinted genes has been suggested,
but has not yet been formally proven.
The correlation between imprinting and sex-specific
differences in recombination frequencies has practical
implications for where in the genome new imprinted
genes will and will not be found. However, this issue is
complicated by the recent finding that some genes reveal
their imprinted nature only in particular tissues or at par-
ticular developmental stages [12,32]. Therefore, the only
way to determine with certainty that a given genomic
region that displays uniform recombination frequencies
does not contain any imprinted genes would be to exam-
ine in detail the expression pattern of every gene within
it - a daunting task. Nevertheless, the accumulating
knowledge of the human genome will, in time, provide
the data to test this prediction. In contrast, it should be
relatively easy to search for new imprinted genes in
regions that do show sex-specific recombination patterns.
Conclusions
It is becoming increasingly clear that, besides the imprint-
ing signal sequences that regulate parental-origin-depen-
dent monoallelic expression of some genes, the structure
of the whole surrounding chromatin domain is also dif-
ferent on paternal and maternal chromosomes. In three
out of four regions in the human genome known to con-
tain imprinted genes, we found that the recombination
frequency was higher in male than in female meioses. We
propose a model which suggests that the region-specific
differences in chromatin structure between male and
female meiotic cells could play a role in establishing the
parent-specific imprint by influencing the accessibility of
the imprinting signal sequences, within these regions, to
modifying enzymes. This model suggests a new strategy
for searching for novel imprinted genes or regions.
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Materials and methods
We used the CEPH database which provided the typing results
for the following markers: INS, TH, AFM217yb10O (DllS922),
AFM218xel (D11S1318), AFMa134wh5 (D11S1363), D15S11,
AFM273yf9 (D15S128), 200wb4 (D15S122), AFM320vd9
(D15S210), D15S97, AFMaO41ze5 (DllS1776), AFM165yf1O
(D11S914) and AFM248tg9 (D 11S1322). The three new poly-
morphic microsatellite markers that have been identified in this
study were used to screen a panel of eight large CEPH families
as described [18]. The sequences of the primers for these markers
were: AFM 344te5, 5'-CAC CCC CAT GCA GAG T and 3'-
AAG GCC AAG ACC TGC C. AFM 284za9, 5'-GCA GGA
ATA TGT CCA GGG and 3'-CAT GGC TGG TCT TTA
GGT G. AFM 216zc9, 5'-CCA GTG TAG CAC TTG TAT
GTA TGT A and 3'-GCT ATT GTT TGG TCC TTT GA.
Fisher's exact test was used to compare the recombination fre-
quencies of the analyzed regions. All YACs were obtained
from the CEPH. The YAC contig of the 15qll-q13 region
has been described [19]. In order to determine the position of
the genetic markers within the region covered by the contig,
we screened the YACs for the presence of microsatellite mark-
ers using PCR. The amplification reactions were performed as
described [19].
The inverse strategy was followed in the case of chromosome
llpl5.5. YACs positive for the AFM markers AFM217yb1O
and AFM218xe1 have already been identified [23]. These
YACs were screened for the presence of INS and H19
sequences by PCR. The primer sequences were: INS, 5'-CAG
CCG CAG CCT TTG TGA A and 3'-TGG ACG TCC
CAC TCG GTT; H19, 5'-TTC CAG GCA GAA AGA GCA
AGA GGG C and 3'-AGA CGT CCT GCT GCA ACT
CCC CGA G [33]. The existence of overlaps between the
YACs was tested by dot-blot hybridization of Alu-PCR prod-
ucts obtained by amplification with primers PDJ34 and 2484 as
described [19].
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